ABSTRACT Force spectroscopy measurements of the rupture of the molecular bond between biotin and streptavidin often results in a wide distribution of rupture forces. We attribute the long tail of high rupture forces to the nearly simultaneous rupture of more than one molecular bond. To decrease the number of possible bonds, we employed hydrophilic polymeric tethers to attach biotin molecules to the atomic force microscope probe. It is shown that the measured distributions of rupture forces still contain high forces that cannot be described by the forced dissociation from a deep potential well. We employed a recently developed analytical model of simultaneous rupture of two bonds connected by polymer tethers with uneven length to fit the measured distributions. The resulting kinetic parameters agree with the energy landscape predicted by molecular dynamics simulations. It is demonstrated that when more than one molecular bond might rupture during the pulling measurements there is a noise-limited range of probe velocities where the kinetic parameters measured by force spectroscopy correspond to the true energy landscape. Outside this range of velocities, the kinetic parameters extracted by using the standard most probable force approach might be interpreted as artificial energy barriers that are not present in the actual energy landscape. Factors that affect the range of useful velocities are discussed.
INTRODUCTION
Molecular bonds that mediate cellular structural stability, adhesion, and mobility as well as the function of molecular motors and other specialized cellular components are often subjected to external forces (1) (2) (3) . These external forces bias the energy landscape of molecular bonds, with sufficiently high forces noticeably altering the bond lifetime (1, 4) . If the direction of applied force approximately coincides with a separation coordinate between molecules, the applied bias lowers the activation energy, thus increasing the dissociation rate (4) (5) (6) . Models that consider the time-dependent tilting of the potential of mean force (PMF) quantitatively explain variations in the statistics of rupture forces under dynamic loading (7) (8) (9) (10) (11) (12) (13) . On the other hand, the investigation of molecular bond rupture under an applied force provides valuable kinetic information for a dissociation reaction not available from other techniques (9) . This concept is used in force spectroscopy to uncover details of the energy landscapes that govern bonds between biological molecules (4, (14) (15) (16) .
Single-molecule force spectroscopy is becoming a widespread approach in biophysical research. This technique has been used to characterize conformational transitions of biomacromolecules (17) (18) (19) (20) and to quantify the energy landscape in a wide range of molecular associations including ligand-receptor interactions (16, 21) , complementary DNA strand interactions (22) (23) (24) , antibody-antigen interactions (25, 26) , nonspecific interactions between amyloidogenic peptides (27, 28) , and hydrophobic interactions (29) . Force spectroscopy measurements are performed by directly probing the intermolecular potential with an external mechanical load and registering either the conformational transitions or the ruptures of molecular bonds (16, 30, 31) . Here, we consider the rupture-force modality of force spectroscopy experiments. The measured rupture forces and the force loading rates are used to extract kinetic parameters of molecular interactions. Specifically, the dissociation rates at zero force, the distance to the activation barrier, and the activation energy are quantified by applying appropriate theoretical models (4, 9, 12, (32) (33) (34) .
Theoretical models that are typically used in the data analysis imply that only one bond dissociates during a given rupture event. However, because of the probe's finite size and the nonzero grafting density, formation of multiple bonds during the tip-sample contact is possible. If the tethers connecting two (or more) separate bonds are relatively close in length, the ruptures of these bonds might occur nearly simultaneously during one rupture event. In this case the measured rupture force is initially distributed between different bonds and the net force is likely to exceed the rupture force of the individual bond. In a significant majority of force spectroscopy experiments, the grafting density is not precisely controlled. Therefore, if there is no additional criteria indicating that only one molecular bond is being studied (such as the ''signature'' pattern in the unfolding of tandem protein repeats (35) ), some contribution of multiple-bond ruptures to the set of measured rupture forces might be expected. Sometimes the measured distribution of rupture forces is very wide and the presence of multiple-bond ruptures is readily apparent (21, (36) (37) (38) . Most theories of multiple parallel bond ruptures assume that the force is distributed evenly between different bonds (37) (38) (39) (40) . However, it is likely that in real experiments force distribution is uneven.
The uneven distribution of forces originates from tether polydispersity, difference in the tether attachment positions along the probe, and from sample roughness (39, 40) . As a consequence, one bond will experience higher loading force than the other bonds, as illustrated in Fig. 1 . The bond experiencing higher force has a higher probability of rupturing first. Upon the first bond rupture, a part of the total force will be immediately transferred to the second bond and it may rupture during the same rupture event. This rupture event will occur when the total force is significantly below an integer multiple of a single-bond rupture force. Consequently, the peak in the distribution of rupture forces corresponding to the rupture of two independent bonds might significantly overlap with the peak of a single-bond rupture. Recently, an analytical model describing the simultaneous rupture of two independent bonds loaded by tethers of different length was introduced (41) . Others have considered ruptures of multiple bonds connected by tethers of uneven length (42) . However, it is still assumed that the forces are distributed evenly between different bonds in the model (42) . This particular case is incorporated into a new model in the limit of the same tether lengths (41) . The new model was applied to study nonspecific pairwise interactions between fullerenes in water using samples that were prepared with increasing grafting density. The two-bond model confirms the sublinear additivity of rupture forces and allows separation of the singleand double-bond contributions in the distribution of rupture forces. This separation facilitates the extraction of kinetic parameters that are not biased by the presence of multiplebond ruptures (41) .
Here, the two-bond rupture model is applied to analyze the rupture experiments between biotin and streptavidin. The biotin-streptavidin system is a ligand-receptor system that is well studied by force spectroscopy because of the high affinity and specificity of the interaction (16, 21, 37, (43) (44) (45) (46) (47) (48) (49) . Experimental investigation of the biotin-streptavidin interaction is particularly attractive because molecular dynamics simulations predict a PMF with two very distinct energy barriers (4, 50) . Although the binding of biotin to streptavidin has been extensively studied by force spectroscopy, quantitative matching of the energy landscape obtained from simulation and from measurements is still problematic. As indicated below, the measurements often place the transition barriers much closer to the equilibrium position than predicted by the simulation. In our opinion, this difference comes in part from neglecting the multiple-bond ruptures that are likely to occur in experimental measurements. We suggest that the previously measured broad distributions of rupture forces with a tail or shoulder on the high-force side of the distribution (21, 44, 46, 47) is a manifestation of the multiple-bond ruptures. Each streptavidin molecule can bind four biotin molecules, and this multiple valence increases the probability of forming multiple bonds during the measurements. Other proposed explanations of the high rupture forces (47, 51) are considered below in the Discussion section.
Our experiments use the atomic force microscopy (AFM) approach to perform force spectroscopy measurements. AFM uses relatively sharp probes with a typical radius of curvature of 10-50 nm. The size of these probes does not guarantee that only one bond will be formed during the tip-sample contact. We attempt to decrease the possible number of bonds formed during the tip-sample contact by incorporating water-soluble polymeric tethers to covalently attach biotin molecules to the AFM probes. By employing relatively long tethers (contour length ;30 nm), the specific ruptures of the biotin-streptavidin bond can be easily distinguished from nonspecific adhesion between the tip and the substrate surface. This sample preparation approach provides a narrower distribution of rupture forces when compared to some distributions from previous measurements (44, 48) . However, the width of the measured distributions points to the possibility of multiple-bond ruptures, though it is sufficiently narrow to confine the majority of the measured forces to the limits of the two-bond model.
The two-bond analytical model does not assume any specific shape of the PMF (41) . It can be used with different models that describe the dissociation rate dependence on the applied force. The dissociation rate dependence on force can be computed numerically for a given PMF (52, 53) . However this approach requires a priori selection of a particular shape of a potential and the determination of a set of fitting parameters that is not obvious. Using analytical kinetic models FIGURE 1 Schematic diagram of the rupture of two parallel tethered biotin molecules from streptavidin. (4, (9) (10) (11) (12) 54, 55) simplifies the data analysis and significantly reduces the data processing time. The empirical Bell-Evans model (1,4) is often used in the rupture force analysis; however, there are indications that the parameters obtained with this model might contain substantial systematic errors (9, 10, 12, 34, 55) . We compare the kinetic parameters obtained using the Bell-Evans model with the cusp potential model (9) . The use of these single-well models is justified below by comparison of the distributions of rupture forces generated by the Bell-Evans model and the distributions generated by a numerical solution of the Fokker-Plank equation using the PMF predicted by molecular dynamics simulations (4, 50) . The gradual stiffening of the polymeric tethers during pulling is explicitly included in the calculations.
Comparison of the Bell-Evans model to the numerical solution constitutes the first part of the theoretical section. The two-bond rupture model is briefly described in the rest of the theoretical section. In the Results section, we describe the application of the two-bond model to analyze new biotin-streptavidin rupture data. In the Discussion, we compare our results with the kinetic parameters obtained by others; we also demonstrate that if the presence of multiple-bond ruptures is not explicitly considered, the most probable force (MPF) versus log (loading rate) dependence might contain artificial changes in the slope, which may incorrectly be interpreted as additional energy barriers that are not present in the original PMF.
MATERIALS AND METHODS

Sample preparation
Samples were prepared using the previously reported methods (27, 34) with slight modification, as indicated below. All chemicals were purchased from Sigma-Aldrich (St. Louis, MO), unless indicated otherwise. Briefly, silicon nitride AFM probes (Veeco, Santa Barbara, CA; model NP) and glass microscope coverslips (Fisher Scientific, Hampton, NH) were cleaned in 2% Hellmanex II (Hellma, Müllheim, Germany) aqueous solution for 3 h. Next, the probes and substrates were rinsed with deionized water (18 MVÁcm), followed by anhydrous ethanol, then dried under vacuum for 12 h, and transferred into an argon-filled glove box. The probes and substrates were aminated in a saturated ethanolamine hydrochloride solution in anhydrous dimethylsulfoxide for 72 h at room temperature (56) . a-NHydroxysuccinimide-v-maleimide-poly(ethylene glycol)-biotin (NHS-PEGbiotin) linkers with a mass-average molecular mass of 3400 Da (Nektar Therapeutics, Huntsville, AL) were covalently attached to the aminated probes through an NHS-amine reaction. This reaction was carried out for 24 h in anhydrous dimethylformamide (DMF) with 5% pyridine (v/v). Next, the probes were reacted with 1900 Da NHS-PEG (Polymer Source, Montreal, Canada) to fill the remaining surface area below the longer PEG tethers.
The shorter PEG was added with the intention of decreasing nonspecific adhesion and pushing the longer tethers away from the surface. This reaction was performed for 48 h in anhydrous DMF with 10% pyridine (v/v). A final reaction with acetic anhydride was performed overnight to block the remaining amines. The probes were then immersed sequentially in preheated hexanes/i-propanol (3:2) and water of 50°C-60°C for 1 h. Next, the probes were cleaned successively in toluene, DMF, and ethanol for 15 min each with a platform shaker. Finally, the probes were gently blown dry with ultra high purity nitrogen (National Welders Supply, Charlotte, NC) and used immediately for data collection. The aminated substrates were first activated to bind amines with a solution of 10 mg of 1,4-phenylenediisothiocyanate (PDITC) (57) in 300 ml DMF with 5% pyridine (v/v) for 2 h. Next, the slides were cleaned by ultrasonication in DMF and ethanol twice for 10 min each. Then 200 ml of 100 mg/ml solution of streptavidin in phosphate buffer saline (PBS, VWR International, West Chester, PA; 0.05 M pH 7 and pH 10 PBS were mixed together to reach pH 8) was deposited on the PDITC-activated substrates. The covalent attachment of streptavidin was performed in a dark environment for 2 h (58). Here, pH 8 PBS solution was chosen to optimize the PDITC-streptavidin reaction (58) while keeping streptavidin stable (59) . Finally, the substrates were thoroughly rinsed with pH 7 PBS buffer solution and used immediately for data collection.
Data collection and analysis
Data collection and analysis procedures were similar to those previously reported (29, 34) . Force spectroscopy experiments were carried out using an Asylum Research (Santa Barbara, CA) MFP-3D AFM. The cantilever spring constants were determined with the built-in thermal noise method (60) . All measurements were performed in 0.05 M pH 7 PBS at 20°C. A custom-made temperature stage was used to set the temperature, and a custom-made O-ring was used to reduce evaporation of the PBS when the AFM probe was engaged over the sample. Force curves were collected during the reciprocating probe motion toward and away from the substrate. Simultaneously with the force curve collection, the probe was raster scanned over a 5 3 5 mm 2 square area on the substrate (force-volumes with 32 3 32 lateral size) to obtain a good statistical average. At least 6144 force curves were collected in a series of measurements performed at a given probe velocity. Force curves were collected with 5 nm relative trigger, 0.2 s surface dwell time, and 10 probe velocities ranging from 0.13 to 4 mm/s. During the collection of force curves, the probe velocity was cycled from the low to the high value and back several times to distribute possible effects of the probe mechanical wear over the data collected at different velocities.
The control experiments were designed to test the specificity of the measured interactions. Initially, data were collected in a normal fashion as described above with three different probe velocities totaling 8192 force curves at each velocity. The aim here was to measure the detection probability of biotin-streptavidin ruptures under normal conditions. Then 50 ml of 0.2 mg/ml biotin solution was added to the initial PBS volume of ;200 ml. The system was allowed to equilibrate for 30 min, and then additional force curves were collected with the same three probe velocities. The change in the detection probability of rupture forces as a result of adding free biotin was measured to verify specificity of the measured rupture forces.
Force-distance curves reveal that the rupture events occur at different probe positions above the sample surface. Before the rupture events, the polymer tethers are stretched with end-to-end distances far exceeding the average distances found at thermal equilibrium. This stretching results in a characteristic force-separation dependence that was used as an initial selection criterion in the data analysis. Rupture events that correspond to the single tether's stretched lengths were used in the statistical analysis of rupture forces. An extended FJC model that includes a conformational transition of PEG linkers (61) was fit to each tether-stretching event provided with the contour lengths and the Kuhn lengths (27) . These parameters were used in the subsequent data analysis with the two-bond model that is described below. The data analysis was performed using custom software written for MATLAB (The MathWorks, Natick, MA).
THEORY Probability density of rupture forces
When a molecular bond is loaded with an increasing external force F, it will eventually rupture, resulting in dissociation of the bound species. According to first-order kinetics, the bond survival probability s as a function of force is given by (4,5)
Here k(F) is the force-dependent dissociation rate and _ F is the loading rate that equals dF/dt. The probability density (PD) function of rupture forces describes the likelihood of rupture at a particular force and is often used to compare the measured distributions of rupture forces to theoretical distributions. The PD function can be calculated by
For a sufficiently high loading rate, the PD function often exhibits a maximum (most probable force, MPF) in the range of loading rates accessible by experimental techniques. The dependence of the MPF on the loading rate at the rupture point is commonly used to obtain the kinetic parameters of the dissociation reaction (4, 32) . The loading rate (the apparent loading rate) depends on the force sensor (cantilever in AFM experiments) and the polymer tether. The dependence is given by
Here, v is the cantilever velocity, F is the force applied to the molecular bond, k c is the spring constant of the cantilever, l(F) is the force-dependent length of the tether, and prime denotes differentiation with respect to force. In this study we use PEG tethers. The elongation of PEG tethers is calculated by the extended freely jointed chain (eFJC) model (7, 61, 62) . The detailed explanations are included in the Supplementary Material (Data S1). The dissociation rate is governed by the multidimensional energy landscape that is tilted by the applied force. This landscape is often considered a one-dimensional PMF (4). An analytical formula relating the dissociation rate to the applied force can be obtained for several specific shapes of the potential. The most commonly used are the triangular (Bell-Evans model) (16) and cusp (Hummer-Szabo model) (9) shapes of the bonding potential well with one minimum and one transition state. According to the Bell-Evans model, the dissociation rate depends on applied force as
Here k 0 is the dissociation rate at zero applied force, x z is the distance between the equilibrium state and the transition state along the dissociation coordinate (henceforth x z is called the barrier width for brevity), and k B T is the thermal energy. For a general shape of the activation barrier, the dissociation rate can be calculated directly without the approximations of Kramer's theory by using the mean first passage time derived from the solution to the Fokker-Plank equation describing stochastic motion in a one-dimensional potential (53) . The corresponding dissociation rate is calculated according to (53) 
Here D is the diffusion coefficient, V(x,F) is the PMF tilted by applied load:
x e is the position of the minimum in the potential well, and a and b are the positions of the reflecting wall and the sink, respectively. Values for a and b are selected to be sufficiently above and below the transition state and the energy minimum, respectively, as illustrated in Fig. 2 . On the right-hand side of Eq. 5 the diffusion coefficient is considered independent of the position along the reaction coordinate. This simplification is justified considering the dominating contribution of exponential terms under the integrals. The expected PD function in constant-velocity experiments can be calculated by substituting the loading rate from Eq. 3 and the dissociation rate from Eq. 5 into Eqs. 1 and 2. The benefit of this approach is that it allows calculations of the PD directly from the PMF without using the approximations of kinetic theory. This numerical approach is particularly useful when there is no analytical formula for the force dependence of the dissociation rate. In addition, this approach does not assume that the loading rate is constant during pulling. It was shown earlier that these assumptions might result in noticeable systematic errors in the kinetic parameters (32, 34, 63) .
Expected probability density for ruptures of biotin-streptavidin bonds
For ruptures of a biotin-streptavidin bond, the PMF function calculated by molecular dynamics simulations for the biotinavidin bond (50) has been used previously because of the similarity between the biotin binding pocket in avidin and in streptavidin (16, 47) . The minimum of the smoothed biotinavidin PMF is at ;À51 k B T, whereas the binding free energy of biotin-streptavidin is ;41 k B T (43). Therefore in calculations of the PD for the rupture of the biotin-streptavidin bond, the biotin-avidin PMF was scaled to match the biotin- streptavidin binding free energy. The smoothed PMF function was scaled and tilted by the applied force and then substituted into Eq. 5. The diffusion coefficient was selected to be 5 3 10 À10 m 2 /s to approximately match the experimentally measured forces. The loading rate was calculated according to the eFJC model, described in the Supplementary Material (Data S1), with parameters typical in force spectroscopy experiments. The resulting PDs calculated for probe velocities ranging from 1 to 10 5 nm/s are shown in Fig. 3 . The inset shows the PMF function that was used to approximate the PMF of the biotin-streptavidin bond. The dashed line in the inset shows the PMF tilted by a force of 60 pN. For forces below ;50 pN, the outer barrier corresponds to the transition state; and for higher forces, the inner barrier (at ;0.6 nm) becomes the transition state. It can be noticed that even with complicated barrier dynamics, the PD functions are represented by a single, well-defined peak without secondary peaks or high-force shoulders.
For a narrower range of probe velocities typical for AFM experiments (10-10 4 nm/s) these distributions can be matched reasonably well with distributions calculated according to the Bell-Evans model in Eq. 4 (dashed lines in Fig.  3 ). The barrier width x z that is used in the Bell-Evans model to match the calculations according to the Fokker-Plank equation underestimates the true barrier width by 10%, as indicated by a vertical line in the inset. Also the discrepancy between these models is apparent at the very low probe velocity: the Bell-Evans model predicts higher probability of low rupture forces than the more rigorous calculation by Eq. 5. However these deficiencies of the Bell-Evans model are not significant, and this model will be used for the fitting of the measured histograms of rupture forces according to the model described next.
Two-bond rupture model
In force spectroscopy experiments, the measured rupture forces may arise not only from single-bond ruptures but also from two-bond ruptures or even multiple-bond ruptures. Because of the low grafting density used in our experiments (34, 56) and also for simplicity in the derivations, only twobond ruptures are considered here. The overall PD of rupture forces can be fit by combining the one-and two-bond rupture PDs according to
Here, A 1 is the relative fraction of single-bond rupture events; p 1 (F) is the PD of the single-bond ruptures that can be calculated according to Eq. 2; and P(F) is the PD of the two-bond ruptures. An analytical model to calculate this PD is derived in the article by Gu et al. (41) . According to this model,
Here s(F) is the single-bond survival probability as a function of force (given by Eq. 1), F S is the total force acting on two bonds (the detected rupture force). The individual forces on bonds are assumed to be acting in the same direction, as illustrated in Fig. 1 . The difference between the contour length of two tethers is described by the relative length difference
is the maximum dL c value at which the two ruptures are still detected as a single rupture event. In Eq. 7 forces acting on individual bonds F 1 and F 2 should be evaluated for this maximum relative difference in the tether length. This evaluation requires the solution of the usually transcendental equation that sets the end-to-end distances of two tethers to the same value:
For a selected tether model and given values of total force F S and contour length difference, Eq. 8 can be solved numerically to obtain F 1 and F 2 ¼ F S À F 1 . For FJC tethers and relatively high forces (F S . 3k B T=l K ), Eq. 8 can be solved analytically:
Here F K is the characteristic thermal Kuhn force F K ¼ k B T=l K : For lower total forces, Eq. 9 underestimates forces F 1 , and at F S ¼ 2F K forces along two tethers become equal to F S /2. At the low forces the tethers can be considered linear springs and therefore The continuous transition from the low to the high-force asymptotics occurs atF S ¼ F K (21dL c ) 2 =(11dL c ): Therefore the force F 1 can be estimated using Eq. 10 or Eq. 9 when the total force is below or above theF S limit, respectively. In AFM experiments employing tethers, F K is usually below 10 pN and therefore this transition forceF S is typically below 40 pN. If the measured rupture forces are aboveF S ; the individual forces can be estimated using Eq. 9 alone.
The calculation of the total PD function that includes two bond ruptures requires two additional fit parameters: A 1 and dL max c : Here the A 1 parameter determines the amplitude of the single-bond rupture force contribution to the total PD, and dL max c parameter determines the relative position of the peak, as demonstrated in Fig. 4 . This figure shows the two-bond distributions calculated using parameters typical in AFM experiments. Calculations use the described transition between the low-and high-force limits, and the solution closely matches the solution obtained with numerical calculations of F 1 obtained by solving Eq. 8. With the appropriately selected parameters A 1 and dL max c ; the distribution of two-bond rupture forces can account for the high-force peak or shoulder that are often obtained in AFM experiments. Fig. 5 shows typical force plots with biotin-streptavidin molecular bond rupture events preceded by characteristic polymer stretching. Each force plot is characterized by a nonspecific adhesion force peak with varied force height at the sample surface (the tip-sample separation is below 10 nm) and a rupture force peak at the tip-sample separations close to the contour lengths of single polymer PEG tethers (;30 nm). The distribution of contour lengths of single tethers extracted from the eFJC fits is shown in the inset. This distribution has a maximum close to the expected value of ;30 nm and a significant width. The width of the distribution is attributed to the polydispersity of polymer tethers and the random errors in the fitting of force curves to the eFJC model (34) . The rupture events corresponding to the contour lengths from 10 to 50 nm are retained for further analysis. Utilization of tethered biotin excludes nonspecific surface adhesion from the data analysis, facilitating measurements of the desired interactions. The assignment of the measured rupture forces to the biotin-streptavidin interactions is further confirmed by a control experiment in which free biotin molecules are added to the solution to block the interaction sites of streptavidin molecules. The detection probability of the rupture events before adding free biotin is 3.2%. This probability is reduced to 0.7% after adding free biotin molecules. The significant reduction in the detection probability indicates that the specific biotinstreptavidin bonds are ruptured in the experiments (16, 45, 64) .
RESULTS
Force spectroscopy measurements
Of the force curves retained for analysis, ;10% exhibited multiple rupture events in one force curve. In cases when multiple ruptures occurred in the force curve, the last rupture event was analyzed (65) .
Fitting histograms of rupture forces
Ten histograms of rupture forces collected at various probe velocities from three individual probe-sample pairs were fit using Eq. 6 with the same kinetic parameters x z and k 0 . The maximum relative difference in tether lengths dL max c was also allowed to vary during the fit but was kept the same for all histograms. The only fit parameter that varied independently FIGURE 5 Typical force plots exhibiting the rupture events at the tip sample separation that corresponds to the tether length. The fit with the eFJC model to one of the stretching events is also included. The inset shows the contour length distribution obtained from fitting the force curves to the eFJC model. for each force histogram (apart from different experimental parameters) was the relative amplitude A 1 of the single-bond peak. The limited force sensitivity was accounted for by multiplying the fit function from Eq. 6 by the window function (27, 32) . The fit minimized the root mean-square (RMS) error calculated as an average RMS error for all histograms. This fitting includes the previously considered effects of the tether stiffening (62, 63) and effects of the PMF shape (34) . The fitting was performed with the eFJC tether model (29) and two models for the dissociation rate dependence on force: the Bell-Evans and the cusp potential models (12, 16) . The kinetic parameters obtained with two different kinetic models are listed in Table 1 . The errors in parameters were estimated by bootstrapping. In the cusp potential model, the dissociation rate k 0 and the activation energy DG z are independent parameters. However, because of the relatively narrow range of available velocities, these parameters cannot be independently fit. Therefore, during fitting only the activation energy was varied and the dissociation rate was computed at each step using a constant value of the Arrhenius prefactor A as k 0 ¼ A expðÀDG z ðk B TÞ À1 Þ: The Arrhenius prefactor was kept equal to 10 11 s À1 (47). Histograms of rupture forces and fits by the Bell-Evans kinetic model are shown in Fig. 6 . The contributions from the single and two-bond ruptures are shown with thin dashed and thin solid black lines, respectively. It can be noted that although the data accumulated in Fig. 6 were collected using three different cantilevers with different spring constants ranging from 50 to 160 pN/nm and that the fitting was performed using the same set of kinetic parameters for all histograms, the fit curves match the shape of the histograms quite well. The global fit minimized the average RMS error. Therefore, histograms with fewer data points contributed less significantly to the fit error, though even these histograms are fit well by the model. For several histograms, the fit line goes systematically below the measured values at the high-force end of the fit range. It is possible that in experiments more than two bonds are ruptured simultaneously and that such ruptures are likely to occur at higher forces. The model includes only the ruptures of two bonds and therefore may not fit well the high-force side of the histogram.
Fit lines that use the cusp model are similar to the BellEvans model (the fit errors do not differ significantly for different models; the fit lines are not shown). The cusp potential model gives a larger value for the barrier width than the BellEvans model does, similarly to the observation made earlier (33, 34) . The difference between the barrier widths x z for these models (10%) is the same as the difference between the barrier width used in the numerical Fokker-Plank solution and the Bell-Evans model, matching this solution as described in the theoretical section. It appears that an ;10% underestimation error in the barrier width is typical when applying the BellEvans model (34) . In contrast to the barrier width, the activation energy does not depend significantly on the model.
The maximum relative difference between tether lengths dL 
DISCUSSION
Models accounting for high rupture forces
In this work the presence of the high rupture forces is attributed to the nearly simultaneous rupture of more than one molecular bond (21, 67, 68) . The employed analytical model that describes the rupture of two bonds does not assume that the forces are distributed evenly among the bonds, thus taking into account possible polydispersity in the tether lengths, heterogeneity in the attachment points of molecules to the AFM probe, deviation of the pulling direction from perpendicular to the surface, and sample roughness. The effect of all these factors is combined in a single variable that describes the maximum relative difference in the tether lengths dL max c : Therefore it is reasonable to suggest that the rather high value of dL max c obtained from the fits (0.35-0.4) reflects contributions from all other factors and overestimates the tether polydispersity (41) .
There are other models that account for the presence of high forces in the distributions. Recently, Pincet and Husson (47) attributed the high forces in the measurements of biotinstreptavidin interactions to the history of the molecular bonds. They suggested that three energy barriers exist in the biotin-streptavidin energy landscape and that higher forces were required to dissociate the old biotin-streptavidin bonds which have been formed for a long time and reached the deepest energy barrier. However, the numerical solution of the Fokker-Plank equation shows no obvious high-force tails even when the activation barrier transfers from the outer to the inner barrier (Fig. 3) . Therefore, it appears that the three-barrier model can describe the observed high forces only when the height of the intermediate barrier is specifically selected to reproduce the high forces observed in the distribution. The presence of forces that are significantly larger than the MPF in the distribution of rupture forces is not limited to the biotin-streptavidin system but is often observed in many dynamic force spectroscopy experiments involving other interactions (42, 51, 67, 69, 70) . For a multiple barrier model to explain the high forces observed in these widely different experiments, a specific matching of the height of the inner and intermediate barriers is required. It seems unlikely that such matching would happen for many different molecular bonds. Additionally, the tail of high forces in the distribution is not observed in protein-unfolding experiments that employ tandem protein repeats where the single-molecule nature of the rupture forces is supported by the ''signature'' rupture pattern (71, 72) and in optical tweezers experiments (73) . This suggests that in many cases the observed rupture forces depend on the experimental conditions (such as the potential for multiple bond formation) and not on the microscopic details of the PMF. A more recent model by Raible et al. (51) explains the high-force tail by suggesting a significant heterogeneity in the kinetic parameters that affect the rupture force. The heterogeneity in kinetic parameters required to explain the observed high forces is very large. For instance, the width of the activation barrier has to (in their model) fluctuate from 0 to ;1.5 nm, which is unlikely given the size of interacting molecules. Moreover, it might be expected that the fundamental heterogeneity in parameters would manifest itself in all force spectroscopy experiments, but the high forces are not always observed experimentally (as mentioned above). Thus the multiple-bond rupture explanation that depends on the details of experiments is more likely.
Comparison of kinetic parameters
As we discussed in the Theory section, when the pulling force is .;50 pN, the inner barrier becomes the transition state. Therefore, because most rupture events measured by AFM are above 50 pN, the barrier width and activation energy determined by most AFM experiments reflect only the shape of the inner barrier. As shown in Table 1 , the barrier width x z of the inner barrier measured here is lower than the value from the smoothed PMF predicted by the steered molecular dynamics simulation by ;15%-25% (4). Despite this inaccuracy, our results are closer to the simulated value in comparison with the results of previous dynamic force spectroscopy measurements. Our activation energy is similar to the height of the inner barrier both from simulation and previous force spectroscopy measurements, given that the error caused by possible uncertainty in the Arrhenius prefactor is ;5 kJÁmol À1 , from ;66 kJÁmol À1 with a prefactor of 10 11 s À1 to ;61 kJÁmol À1 with a prefactor of 10 10 s À1 (16) .
Ramifications of the multiple-bond ruptures
Partitioning of the rupture force histogram between different components of the two-bond model, as shown in Fig. 6 , indicates that ruptures of multiple bonds might widen the force histogram and shift the MPF value to higher forces. Therefore, the multiple-bond rupture events might offset the measured kinetic parameters. However, this is not the only foreseeable consequence of the multiple-bond ruptures. The rupture forces measured by force spectroscopy are often noise limited (32) . Therefore if the rupture forces of single bonds fall below the noise threshold, only the ruptures of multiple bonds will contribute to the histograms of rupture forces. In such cases, the apparent MPF will be affected by the noise threshold and the resulting kinetic parameters will not reflect actual bond kinetics. We note that such limitations did not affect the kinetic parameters reported in this work because multiple bonds were explicitly treated in the data analysis. The force sensitivity in force spectroscopy is usually limited by the cantilever thermal noise with some contribu- tion of the instrument noise. Typically, force spectroscopy measurements are performed in the frequency range below the fundamental resonance of the cantilever (74) . In this frequency range, the cantilever thermal RMS noise is given by (75)
Here k B T is the thermal energy, k c is the cantilever spring constant, B is the detection bandwidth, v 0 is the angular resonant frequency of the cantilever, and Q is the quality factor. The bandwidth optimal for the detection of rupture events increases with the pulling velocity to preserve the transient details of the force curve (74) . Numerical calculations by Kuhner and Gaub indicate that the optimal bandwidth increases in a somewhat piecewise-linear manner with an increase in the pulling velocity. For simplicity in the following analysis, we assume that this dependence is linear. This means that the data are recorded by maintaining the density of data points per displacement distance of the probe: B ¼ vD N =2; were v is the probe velocity and D N is the density of the recorded data points per travel distance. Therefore the RMS thermal noise depends on the probe velocity as
The noise limits the detection of the rupture events (76) . This limitation can be quantified by the threshold factor of the signal/noise ratio z (in the units of RMS noise). The rupture force detection threshold is usually taken at z ¼ 1 (76) . However, accurate fitting of the force curves by a polymeric tether model and measurements of the apparent loading rate require a higher threshold value. In our experience, the rupture forces should be approximately four times larger than the RMS noise to accurately determine the rupture forces, the mechanical parameters of a polymeric linker, and the apparent loading rate. Thus the noise threshold increases approximately as v 1/2 , and at low velocity values it is typically limited by the DC noise limit. This limit has contributions from the 1/f instrument noise and from the noise of measuring the probe position. The most probable rupture force increases approximately logarithmically with the increase of the pulling velocity (7) . Given these functional dependencies of rupture force and the noise on the probe velocity, it might be expected that for a particular cantilever there are low and high limits of useful velocities. Outside this detection region, the rupture forces might still be detected; but they would correspond to the ruptures of multiple bonds. Consequently, the measured most probable rupture forces are strongly affected by the velocity-dependent noise threshold outside the useful velocities region.
To illustrate these limitations, force spectroscopy measurements were simulated for probe velocities ranging from 30 to 5000 nm/s. At each velocity, the histogram of rupture forces was generated using Eq. 6 by employing the BellEvans kinetics and eFJC tether models. The probability of the single bond detection was kept at 0.6, and the noise threshold was calculated as described above. The resulting histograms were fit by Gaussian curves. The position of the maximum of each Gaussian curve was taken as the apparent MPF. The most probable loading rate was calculated using the tether dynamics model according to Eq. 3. The expected theoretical dependence of the MPF on loading rate was calculated by numerically solving the transcendental equation for the MPF that is derived in Gu et al. (34) (Eq. 2) .
The force versus loading rate dependence from the simulated experiment is shown in Fig. 7 A by square symbols, and the theoretical dependence is shown by circles. The other calculation parameters are given in the figure. There are three seemingly linear regions in the simulated force versus log(loading rate) dependence. Therefore from these data, it might be concluded that there are three barriers to dissociation, although only one barrier was used in the simulation. The slope changes because the noise decreases the detection probability of the single-bond ruptures but still allows the multiple-bond ruptures to be successfully detected. Three rupture force histograms are shown in panels B, C, and D to indicate the origin of a sudden change in the slope.
Three linear regions were fit by the standard Bell-Evans model, which does not take into account tether stiffening. The resulting kinetic parameters are shown in Table 2 . It can be noted that neither set of parameters accurately matches the original values used in the calculations. Kinetic parameters at the low and high velocities are significantly altered by the noise threshold. This can be seen by comparing the MPF values extracted by Gaussian fitting and the theoretically expected MPF values. At intermediate velocities, the MPF values obtained by Gaussian fitting are close to the expected theoretical values. Kinetic parameters at these velocities differ from the original parameters mostly because of the tether stiffening effects that were considered previously (32, 62, 63) . Kinetic parameters obtained in this velocity range can be adjusted to obtain more accurate values (62) .
The low and high limits for the range of useful velocities can be approximately estimated using the Bell-Evans model by solving the transcendental equation
Here k eff is the effective spring constant (in general, velocity dependent) determined from the cantilever and the tether spring constants as k
t ; DF white is the white noise, DF DC is the DC noise, and
Because the optimal detection bandwidth deviates from the linear dependence that is used in Eq. 12, analytical Eq. 13 gives only approximate estimates of the velocity limits. However, it is instructive to see how the range of useful velocities changes for different experimental parameters. Fig. 8 shows the velocity limits that were calculated using Eq. 13 for the same set of parameters as in Fig. 7 . Panel A shows calculations that assume that k t is velocity independent, and in panel B the extended FJC model is used to model the tether stiffening with increasing force (29, 61) . Calculations show that for relatively high dissociation rates and low tether spring constants there might be no velocity where the most probable rupture force of a single bond is above the noise threshold. In such cases, the multiple-bond ruptures that extend above the noise threshold determine the MPF. Therefore the extracted kinetic parameters might have no clear physical meaning.
Similar calculations can be performed for parameters of a specific force spectroscopy experiment to estimate whether the experiments are performed within velocity limits that allow single-bond rupture detection. We note that even if experiments are conducted within the range of velocities discussed above, a high probability of the multiple bond formation might still affect the extracted kinetic parameters. Using the two-bond model employed in this work might extend the range of useful velocities. However, at high grafting density, more than two bonds might rupture simultaneously, further complicating the analysis. It was noted previously by Kuhner and Gaub that using polymeric tethers is important for decreasing the effects of the mechanical noise (74) . In addition to this benefit, using sparsely grafted polymeric tethers for attaching the sample molecules decreases the probability of multiple bond formation. However, long tethers might be impractical to use because of the noise limitations, as illustrated in Fig. 8 B. The useful velocity ranges depend on the instrument noise and cantilever noise. Decreasing the noise in the experiment to the thermal noise of the cantilever and using small cantilevers can extend the range of the useful velocities to the range limited by the thermal drift on the low side and by the viscous drag on the high side (74, 76) .
CONCLUSIONS
In this article, we considered the effects of possible multiplebond ruptures on the accuracy of the kinetic parameters measured with force spectroscopy. An approximate analyti- cal model that simultaneously considers the ruptures of one and two bonds was applied to analyze the measurements of rupture forces between biotin and streptavidin as well as to compare the resulting kinetic parameters with steered molecular dynamics simulations and with results by others. Analysis indicates that when multiple-bond ruptures are taken into account, the barrier width and the activation energy are close to the values predicted by simulation for the inner barrier of the biotin-streptavidin bond. Additional analysis indicated that the outer barrier was not probed in our AFM-based experiments. It is suggested that the developed model can be widely applied in force spectroscopy experiments that exhibit high forces in the distribution that cannot be explained by models of individual bond rupture. It is also indicated that in the presence of multiple-bond ruptures the results of force spectroscopy measurements might be affected by the noise. It is shown that at sufficiently low and high probe velocities the rupture force of an individual bond falls below the detection threshold determined by the noise, whereas the ruptures of multiple bonds might still be detected. Therefore outside the window of useful probe velocities the distributions of rupture forces and the extracted MPFs become determined by the noise. Consequently the extracted kinetic parameters might indicate the presence of artificial potential energy barriers. Further analysis indicated that there are experimental conditions in which accurate data reduction based on the MPFs might be impossible. The developed two-bond model is helpful in extending artifact-free analysis to a wider range of probe velocities and to molecular bonds with higher dissociation rates.
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